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Influence of S02 on the NO I N20 chemistry 
in fluidized bed combustion 
2. Interpretation of full-scale observations based on
laboratory experiments
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Department of Chemical Engineering, Technical University of Denmark, Denmark 
* Department of Energy Conversion, Chalmers University of Technology,
S-412 96 Goteborg, Sweden
(Received 10 February 1992; revised 21 July 1992)
In circulating fluidized bed combustion of coal, significant interactions between desulfurization by 
limestone and emissions of nitrogen oxides (NO, N20) are generally observed. In order to facilitate 
interpretation of experimental results obtained in a 12 MW circulating fluidized bed boiler, a series of 
laboratory tests have been carried out. The tests include homogeneous CO and HCN oxidation in the 
presence of different concentrations of S02, CO oxidation catalysed by calcined and partly sulfated 
limestone particles, and formation and reduction of NO and N20 over bed material containing char. The 
presence of S02 in the gas is shown to decrease the rate of homogeneous CO and HCN oxidation and 
thereby change the product distribution of the nitrogen-containing species. Unlike sulfated limestone, 
calcined limestone (CaO) is shown to be a good catalyst for oxidation of CO. A lower mean CO 
concentration is therefore expected in fluidized bed combustors during injection oflimestone. This indirectly 
influences the nitrogen chemistry. Finally, the influence of NO and 02 on the formation ofN20 from char 
was studied. 
(Keywords: combustion; fluidized beds; sulfur) 
Sulfur retention on lime under fluidized bed combus­
tion ( FBC) conditions has been the subject of intensive 
laboratory research1-14, but the interaction between 
sulfur capture on lime and nitrogen oxides is less well 
known. This interaction is the subject of the present 
paper, which describes the results of a laboratory study 
performed to complement the observations made in a 
large-scale research boiler, presented in part 1 of this 
work 15. 
The interaction between sulfur capture and emission 
of NO observed in FBC has led to laboratory studies of 
the decomposition of ammonia catalysed by CaO or 
CaS04 surfaces
16-20. Other aspects of the interaction
between desulfurization and nitrogen chemistry, such 
as NO reduction on CaO and CaS, have been studied 
by Furusawa et a/.16•21, and N20 formation and
reduction by de Soete22 and Hansen et al.23. 
In part 1 15 , it was suggested that a connection may 
exist between the S02-CO-NO and N20 chemistry in 
FBC, both directly through homogeneous gas phase 
reactions and/or indirectly through oxidation of CO on 
lime. At present there is no knowledge of the influence 
of S02 on the oxidation of CO or whether CaO or CaS04 
act as oxidizing catalysts for CO at temperatures of 
relevance for FBC. 
Hulgaard et al.24 showed that volatile nitrogen in the 
form of HCN, rather than NH3, may be an important 
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precursor of homogeneous N20 formation in the 
presence of CO at FBC temperatures. This is in 
agreement with calculations performed by Kilpinen and 
Hupa.25 The N20 is primarily formed by a reaction 
between NO and nitrogen-containing radicals produced 
from HCN. However, no information is found in the 
literature about the influence of S02 on this formation 
route of N20 under FBC conditions. 
EXPERIMENT AL AND RES UL TS 
Apparatus 
Homogeneous as well as heterogeneous reactions were 
studied. For the homogeneous reactions a quartz 
plug-flow reactor was used ( Figure 1 ) . The reactor has 
been described previously24·26. The reaction tube ( 6) was 
cylindrical, with a diameter of 0.51 cm and a length of 
14 cm. Its lower end was connected to an outlet tube 
cooled by air. Inert gas, primarily N2, was led through 
the main stream inlet (2) and preheated before entering 
the reaction tube, where it was mixed with the reactants 
injected separately through four injectors ( 1). The 
temperature in the reactor was measured by a 
thermocouple shielded by a quartz tube. 
Another quartz flow reactor was used for the 
heterogeneous reactions (Figure 2). The reactor was 
similar to that used by Dam-Johansen and (l)stergaard 1. 
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Figure 1 Quartz flow reactor for homogeneous reactions: (1) injectors for reactive gases; (2) main stream inlet for inert gases; (3) inlet for cooling 
air; (4) outlet; (5) mixing volume for reactants; (6) reactor tube 
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for heterogeneous reactions 
The bottom and the inner section of the reactor could 
be removed ; the solid to be investigated was placed on 
a porous quartz plate, and the inner section was put back 
without changing the temperature. The temperature was 
measured just below the quartz plate by a thermocouple 
shielded by a quartz tube. 
Both reactors were placed in a three-zone electrically 
heated oven which maintained the reaction zone at a 
constant temperature, within a few degrees. 
A gas of well defined composition was mixed from 
pure gases or gas mixtures in a panel of precision flow 
controllers. Continuous monitors were used to measure 
SO,, NO, N,O, CO, CO, and O2 concentrations in the 
outlet of the reactors. Prior to the experiments, the 
monitors were evaluated with respect to linearity and 
cross-sensitivities. The only monitor that was signifi- 
cantly influenced by the presence of the other components 
was the N,O analyser ( Perkin-Elmer, Spectran 647). To 
avoid cross-sensitivities, especially in the N,O analysis, 
water was removed by condensation in dry ice and SO, 
was absorbed in a sodium carbonate solutionz7. 
Materials 
The limestones tudied were Ignaberga iimestone, also 
used in the full-scale experiments in part 1, and, for 
comparison, Stevns chalk. Ignaberga limestone is a 
Swedish limestone of intermediate reactivity towards 
sulfur retention. Stevns chalk is a Danish, very porous 
chalk of high sulfur reactivity. The two types of 
limestone have previously been characterized as de- 
sulfurization agents under oxidizing conditions’,* under 
alternating oxidizing and reducing conditions more 
closely representing the reaction conditions in FBC6,7. 
Bed material samples 
The experiments performed are listed in Table 1 for 
both the homogeneous and the heterogeneous reactions. 
Bed material was withdrawn from the centre of the 
dense bed of the full-scale plant, approximately 65 cm 
above the bottom plate, during a test with the reference 
conditions defined in part 1 (bed temperature 850°C 
excess air ratio 1.2, primary air stoichiometry 0.75, no 
limestone addition, low-sulfur coal). The mean char 
content of this bed sample was determined to be about 
4.2%. A small fraction of this sample together with 
selected char particles from the sample, 0.1-3 mm in size, 
were used in the tests. 
Homogeneous oxidation of CO 
The experimental conditions are summarized in the 
first column of Table 1. The reactor shown in Figure I 
was used for the experiment. Without H,O present, the 
rate of CO oxidation was low and no influence of SO, 
could be detected because of the low overall CO 
conversion in the reactor. In the presence of H,O and 
O,, CO was oxidized rapidly at 850°C and a high 
conversion of CO was observed even at residence times 
below 50 ms. The presence of SO, moderately inhibited 
the CO oxidation. 
Homogeneous conversion of HCN 
The experimental conditions are summarized in the 
second column of Table 1. The reactor shown in Figure 1 
was used for the experiment. N,, 0, and H,O were 
introduced through the main stream inlet and were 
preheated before being mixed with HCN, CO, NO and 
SO, separately introduced through the four injectors. 
Figure 3 shows the normalized CO, NO and N,O 
concentrations in the reactor outlet versus the tempera- 
ture in the presence of 50, 500 or 2000 ppm SO,. The 
N,O concentration is normalized with the inlet HCN 
concentration. 
As in the homogeneous CO oxidation experiments, the 
presence of SO, inhibits the conversion of HCN and CO 
and results in a temperature shift towards higher values. 
A significant amount of N,O is formed from HCN at 
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Figure 3 Normalized outlet concentrations of CO, NO and N,O 
versus the reactor temperature for SO, contents of 50, 500 and 
2000 ppm. Inlet concentrations of CO, NO and HCN were about 1780, 
475 and 300ppm respectively. (The case SO, = 0 is very close to 
SO, = 50 ppm and is not shown.) The experimental conditions are 
summarized in the second column of Table I 
FBC temperatures. HCN may either reduce NO or form 
NO, depending on the temperature and the gas 
composition. In the present experiments NO was reduced 
in the temperature range of 750-950°C but without NO 
present initially Hulgaard 28 observed a net formation of 
NO. Furthermore, Hulgaard demonstrated how the 
curves are moved towards lower temperatures by an 
increase in the residence time and/or a high CO 
concentration. The reason for the shift of NO 
concentration towards higher temperatures in the 
presence of SO, may be the catalytic effect of SO, on 
the radical recombination reactionsz9 : 
H+S0,+M+HS02+M 
H + HSO 2=H2 + SO, 
OH + HSO z+H,O + SO, 
where M symbolizes a third body. 
Heterogeneous oxidation of CO 
The experimental conditions are summarized in the 
third column of Table I. The reactor shown in Figure 2 
was used. 
“0 20 40 60 
TIME (min) 
Three types of experiment were carried out in the Figure 4 Outlet concentrations of NO, CO and SO, versus time for 
presence of NO: (1) oxidation of CO catalysed by CO oxidation over Stevns chalk during sulfation 
calcined Ignaberga limestone and Stevns chalk ; (2) 
oxidation of CO catalysed by partly sulfated Ignaberga 
limestone with and without SO, present ; (3) oxidation 
of CO catalysed by Ignaberga limestone and Stevns chalk 
during sulfation. 
NO was not reduced in any of the experiments in the 
presence of 0,. 
The particles of Ignaberga limestone introduced to the 
reactor had a diameter of 1.0-l .4 mm. During the rapid 
heat-up period they fragmented, resulting in a much 
lower mean diameter. This may be one of the reasons 
for the relatively high catalytic activity towards CO 
oxidation observed for Ignaberga compared to Stevns 
chalk. 
The results of CO oxidation during sulfation of 
Stevns chalk are shown in Figure 4 in the form of CO, 
NO and SO, concentrations in the outlet of the reactor 
versus time. Initially, the chalk was introduced into the 
reactor where it reacted with SO, in the mainly oxidizing 
atmosphere, forming CaSO,. CO was catalytically 
oxidized by the CaO surface and NO was hardly 
influenced. As the sulfation proceeded, the reactivity 
towards SO, removal and catalytic CO oxidation 
decreased, indicating a very small or no catalytic activity 
of the solid product CaSO,. 
The data from Figure 4 and three similar experiments 
600 
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with lgnaberga limestone are shown in Figure 5 as outlet 
CO concentration versus outlet SO, concentration. A 
linear relationship is observed. Integration of the amount 
of SO2 reacted, by means of a procedure described by 
Dam-Johansen3’, gives the CaO conversion to CaSO, 
as a function of time. The outlet CO concentration from 
the four experiments i  plotted versus the CaO conversion 
in Figure 6, showing linear relationships. Similar 
experiments, where the SO, stream to the reactor was 
stopped during sulfation, verified that the presence of 
SO, had only minor or no influence on the CO oxidation, 
the CaO conversion to CaSO, being responsible for the 
observed decrease in the CO conversion. 
l Ignaberga 
A Ignaberga 
Nitrogen chemistry on bed material 
! I I 
500 1000 1500 
S02-cont. (ppm) 
2000 
Figure 5 Outlet concentration of CO versus the outlet concentration 
of SO, for CO oxidation over Ignaberga limestone and Stevns chalk 
during sulfation 
The experimental conditions are summarized in the 
last column of Table 1 and the reactor used is that shown 
in Figure 2. The results are only of a qualitative nature 
due to the problems in taking samples of bed material 
that contain a constant amount of char, and problems 
caused by the entrance of small amounts of oxygen into 
the reactor during loading with bed material. 
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When no NO or N,O was present in the inlet gas (N,) 
almost no formation of these nitrogen oxides was 
detected. 
In the tests when 500 ppm NO or 100 ppm N,O were 
added to the reactor a considerable reduction of these 
gases was observed. There was no N,O measured uring 
reduction of NO in this case with no 0, in the gas. This 
is in agreement with other recent investigations 31-33, 
where it was shown that only insignificant amounts of 
N,O were formed during NO reduction on char. 
l Ignaberga 806°C 
A Ignaberga 852:C 
E &ZELcridt giZOE 
I 
8.0 
I I I I 
0.2 
ConvEsion. 
0.6 0.8 
Figure 6 Outlet concentration of CO versus the CaO conversion to 
CaSO, for Ignaberga limestone and Stevns chalk 
The addition of 0, resulted in considerable CO 
production until the char was completely burned up. 
Without NO and N,O present as reactants, both NO 
and N,O were measured with a ratio between the N,O 
and NO of about 0.05. Introducing 500 ppm NO, 
reduction of NO took place on the char. As the char was 
burned, its reducing effect diminished and the concentra- 
tion of NO increased gradually towards its inlet value. 
Some N,O was measured uring the entire period of char 
combustion. The quantity of N,O formed was small but 
it was greater with than without NO added. 
Comparison of the on-line N,O measurement with 
off-line gas chromatography showed that the on-line 
method may overestimate the N,O concentration due to 
the presence of methane and a hitherto unidentified 
Table 1 Conditions for the laboratory experiments 
Parameter 
Homogeneous Homogeneous 
oxidation of CO conversion of HCN 
__-_._ ..-.. __.~~_ __~ 
Heterogeneous Nitrogen chemistry 
oxidation of CO on bed material 
Number of experiments 73 
Residence time (s) 0.04-O. 1 
Temperature (“C) 850 +- 5 
Type of limestone _ 
Particle diameter (mm) _ 
Bed material 
Inlet concentration 
CO (ppm) 400-2500 
H,O (%) o-5 
HCN (ppm) _ 
NO (ppm) O-500 
0, (%) o-4.5 
SO, (ppm) O-2000 
N@ (ppm) _ 
“Ignaberga lime fragmented during heat-up 
_ ~~__ 
50 32 15 
0.052-0.077 _ 
625-l 125 8OC-900 800 
_ Ignaberga/Stevns chalk 
I .0-l .4”, 0.85-t .O <3 
_ Char. sand and ash (3 g) 
1780 30 * 1950 * 50 1000 
3.3 * 0.2 _ 
300* 10 _ 
475 50 f 500 + 10 0, 500 
2.0 f 0.1 4.2 + 0.1 0, 1.6 
0, 50, 500, 1250, 2OtXl 1850 + 75 _ 
0, 100 
-. .~ 
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reaction product. Attention will be paid to this 
observation in further work. 
DISCUSSION 
Eflects of excess lime feeding on NO emission 
The results given in Figures 4 to 6 show that CaO acts 
as a catalyst for CO oxidation. In part 1 15, excess 
limestone was fed to the boiler to illustrate the effect on 
the emission of NO (part 1, Figure 2). The limestone 
catalytically decreases the CO concentration in the 
combustor and thereby removes CO from the catalytic 
reduction of NO over char. As a result, the NO emission 
increases. Even if this explanation contributes to the 
understanding of the interaction between sulfur retention 
and the observed increase of the NO emission, 
other factors, such as a change in the rate and the 
products of volatile N oxidation, can still be relevant. 
For example, it has been shown16-18,20 that volatile N 
in the form of NH, is rapidly oxidized to N, and NO 
catalysed by CaO. This oxidation of NH, is also 
catalysed by char and bed ash34, but in a bed containing 
both char and an excess of CaO, a shift in the oxidation 
reactions towards a higher production of NO, leading to 
an increase in NO emission, could be expected. This 
alternative requires further investigation using bed 
material from a boiler with different contents of char and 
CaO. 
Homogeneous effects of SO, on NO and N,O emissions 
It was shown in part 1 (Figure 3) that an addition of 
SO, to the combustion air increased the CO emission 
and decreased the NO emission. The result of the 
laboratory test (column 1 of Table 1) shows the same 
trend as the full-scale experiments ; the CO oxidation is 
moderately inhibited by addition of SO,. The increased 
CO concentration resulting will lead to a greater 
reduction of NO on char surfaces. 
The second test shown in Figure 3 (this part), on the 
other hand, does not give a straightforward answer. At 
low temperatures, the results trend in an opposite 
direction compared with the boiler measurements ; an 
increase in the CO concentration as a result of the 
addition of a high concentration of SO, is accompanied 
by a smaller reduction of NO than in the case of a low 
concentration of SO,. However, at high temperatures the 
situation for the NO is reversed to the same order as the 
boiler results, whereas CO is already almost consumed. 
As shown by the experiments of Hulgaardz8, higher 
residence times and higher inlet concentrations of CO 
may shift the set of curves towards lower temperatures. 
Since the operating conditions of the boiler (SSOC) were 
close to the intersection of the curves in Figure 3, a 
definite conclusion is difficult to draw, except that SO, 
does influence the NO and the N,O emissions 
homogeneously. 
NO reduction and N,O formation 
In part 1 the N,O formation during the NO supply 
test (part 1, Figure 5) was interpreted as an effect of the 
NO reduction on char surfaces. The results obtained in 
the laboratory tests only quantitatively indicate that NO 
may play a role in the formation of N,O in connection 
with combustion of char and they are not sufficient to 
prove that such a formation is the cause for the increase 
in N,O when NO was added to the combustor, shown 
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in Figure 5 (part 1 ), or the reason for the rise in the N,O 
concentration with combustion chamber height, which 
was observed in previous tests35. 
In part 1, Figure 8, the simultaneous changes of the 
N,O and the NO concentrations are plotted for the cases 
investigated in the boiler. It is seen that the two 
‘homogeneous’ cases, where a considerable change in the 
SO, concentration took place, imply a greater 
interdependence than the case of NO supply to the bed 
of silica sand when no change in the SO, concentration 
was involved. This leads to a suspicion that SO, may 
play a role in N,O formation. However, the effects may 
have independent origins, as can be suspected for the 
‘heterogeneous’ lime transient in part 1, Figure 8. Also, 
in this case the SO, concentration was almost constant, 
but the interrelation between N,O and NO is stronger 
than in the case of NO supply to a bed of silica sand, 
and the factors influencing the concentrations of NO and 
N,O could be independent of each other. As mentioned 
in part 1, the decomposition of N,O on accumulated 
CaO surfaces is such an independent factor. This 
decomposition has been shown by Hansen et aLz3 to be 
almost independent of the CO concentration. The N,O 
reduction thereby gradually increases as the CaO 
accumulates in the bed, in spite of the falling CO 
concentrations. 
CONCLUSIONS 
The tests carried out in the 12 MW CFB boiler and the 
complementary laboratory investigations lead to the 
following conclusions. 
CaO has a catalytic effect on CO oxidation which can 
explain the increase of NO taking place when CaO is 
accumulated in the bed. Other factors which may also 
influence the NO emission, such as an increase of the 
formation of NO from volatile N oxidation on CaO 
surfaces, have to be further investigated for CFB 
conditions. 
SO, influences both the CO oxidation homogeneously 
and the homogeneous formation of N,O from HCN 
and NO through a catalytic effect of SO, on radical 
recombination reactions. This can explain the effects 
of changing SO2 concentrations in the 12 MW boiler, 
but the surrounding environment, especially that of 
the SO,-HCN-NO-CO system, has to be better 
determined. 
No N,O was detected as a result of NO reduction on 
char surfaces in the absence of oxygen. During 
addition of oxygen and nitric oxide to the reactor, an 
enhancement of the N,O formation was measured, 
but further work is necessary to quantify this 
observation. Further attention has to be paid to the 
on-line gas analysis. 
The laboratory results will be used for the development 
of detailed kinetic models with respect to the influence 
of SO, on the nitrogen chemistry. 
ACKNOWLEDGEMENTS 
The authors gratefully acknowledge financial support 
from ELSAM, the Jutland-Funen Electricity Con- 
sortium, ELKRAFT, the Zeeland Electricity Con- 
sortium, the Danish Ministry of Energy and the Swedish 
National Energy Administration. The laboratory-scale 
Influence of SO, in fluidized bed combustion. 2: K. Dam-Johansen et al. 
experiments were carefully carried out by Klaus Lund&n 
and Lars H. Bank. 
REFERENCES 
6 
7 
8 
9 
IO 
11 
12 
13 
14 
15 
16 
17 
I8 
Dam-Johansen, K. and Qtergaard, K. Chem. Eng. Sci. 1991,46, 
827 
Dam-Johansen, K. and Gtergaard, K. Chem. Eng. Sci. 1991,46, 
839 
Dam-Johansen, K. and Qstergaard, K. Chem. Eng. Sci. 1991,46, 
855 
Dam-Johansen, K., Hansen, P. F. B. and Qtergaard, K. Chem. 
Eng. Sci. 1991, 46, 847 
Hansen, P. F. B., Dam-Johansen, K., Bank, L. M. and 
atergaard, K. in ‘Circulating Fluidized Bed Technology III’ 
(Eds P. Basu, M. Horio and M. Hasatani), Pergamon Press, 
Oxford, 1990. pp. 411-416 
Hansen, P. F. B., Dam-Johansen, K., Bank, L. M. and 
atergaard, K. in ‘Eleventh International Conference on 
Fluidized Bed Combustion’ (Ed. E. J. Anthony), The American 
Society of Mechanical Engineers, New York, 1991, pp. 73-82 
Hansen, P. F. B., Dam-Johansen, K. and Qtergaard, K. Chem. 
Eng. Sci. in press 
Borgwardt. R. H. and Harvey, R. D. Environ. Sci. Technol. 1972. 
6, 350 
Fieldes, R. B., Burdett, N. A. and Davidson, J. F. Trans. IChemE 
1979.57, 276 
Hartman, M. and Coughlin, R. W. Ind. Eng. Chem. Process 
Des. Dev. 1974, 13, 248 
Marsh, D. W. and Ulrichson, D. L. Chem. Eng. Sci. 1985,40,423 
O’Neill, E. P., Keairns, D. L. and Kittle, W. F. Thermochim. 
Acta 1976, 14, 209 
Iisa, K.. Tullin, C. and Hupa, M. in ‘Eleventh International 
Conference on Fluidized Bed Combustion’ (Ed. E. J. Anthony), 
The American Society of Mechanical Engineers, New York, 
1991, pp. 83-90 
Newby, R. A. and Keairns, D. L. in ‘Eleventh International 
Conference on Fluidized Bed Combustion’ (Ed. E. J. 
Anthony), The American Society of Mechanical Engineers, 
New York, 1991, pp. 65-71 
Amand, L.-E., Leckner, B. and Dam-Johansen, K. Fuel 1993, 
12, 557 
Yasunaga, K. and Furusawa, T. in ‘51st Annual Meeting of the 
Chemical Engineers Society’, Japan, 1986, p. 417 
Lee. Y. Y., Sekthira, A. and Wong, C. M. in ‘Eighth 
International Conference on Fluidized Bed Combustion’, US 
Department of Energy, Morgantown, 1985, pp. 12081218 
Lee, Y. Y., Soares, S. M. S. and Sekthira, A. in ‘Ninth 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
International Conference on Fluidized Bed Combustion’ (Ed. 
J. P. Mustonen), The American Society of Mechanical 
Engineers, New York, 1987, pp. 1184-1187 
Cooper, D. A., Ghardashkani, S. and Ljungstrom, E. B. Energy 
Fuels 1989, 3, 278 
Iisa, K., Salokoski, P. and Hupa, M. in ‘Eleventh International 
Conference on Fluidized Bed Combustion’ (Ed. E. J. Anthony), 
The American Societv of Mechanical Engineers. New York. 
1991. pp. 1027-1033 . 
Furusawa, T., Koyama, M. and Tsujimura, M. Fuel 1985, 64, 
413 
de Soete, G. G. in ‘Proceedings of the 1989 Joint Symposium 
on Stationary Combustion NO, Control’, EPRI and EPA, San 
Francisco, 1989 
Hansen, P. F. B., Dam-Johansen, K., Johnsson, J.-E. and 
Hulgaard, T. Chem. Eng. Sci. 1992, 47, 2419 
Hulgaard, T., Glarborg, P. and Dam-Johansen, K. in ‘Eleventh 
International Conference on Fluidized Bed Combustion’ (Ed. 
E. J. Anthony), The American Society of Mechanical Engineers, 
New York, 1991, pp. 991-998 
Kilpinen, P. and Hupa, M. Combust. Flume 1991, 85, 94 
Duo. W., Dam-Johansen, K. and Qtergaard, K. in ‘Twenty- 
third Symposium (International) on Combustion’, The 
Combustion Institute, Pittsburgh, 1990, pp. 297-303 
Hulgaard, T. and Dam-Johansen, K. Enoiron. Prog. in press 
Hulgaard, T. PhD Thesis Department of Chemical Engineering, 
Technical University of Denmark, 1991 
‘Tseregounis, S. I. and Smith, 0. I. in ‘Twentieth Symposium 
(International) on Combustion’, The Combustion Institute, 
Pittsburgh, 1984, pp. 761-766 
Dam-Johansen, K. PhD Thesis Department of Chemical 
Engineering, Technical University of Denmark, 1987 (in 
Danish) 
de Soete, G. G. in ‘Twenty-third Symposium (International) on 
Combustion’, The Combustion Institute, Pittsburgh, 1990, pp. 
1257-1264 
Moritomi, H., Suzuki, Y., Kido, N. and Ogisu, Y. in ‘Eleventh 
International Conference on Fluidized Bed Combustion’ (Ed. 
E. J. Anthony), The American Society of Mechanical Engineers, 
New York, 1991, pp. 100-1011 
Gulyurtlu, I., Costa, M. R., Esparteiro, M. and Cabrita, I. in 
‘Proceedings of the Institute of Energy’s Fifth International 
Fluidized Combustion Conference’, Adam Hilger, Bristol, 1991, 
pp. 201-212 
Johnsson, J.-E. and Dam-Johansen, K. in ‘Eleventh Inter- 
national Conference on Fluidized Bed Combustion’ (Ed. E. J. 
Anthony), The American Society of Mechanical Engineers, 
New York, 1991, pp. 1389-1396 
Amand, L.-E. and Leckner, B. Energy Fuels 1991. 5, 815 
Fuel 1993 Volume 72 Number 4 571 
